Abstract-This paper presents a novel synthesis and analysis of a flexible elephant trunk robot (biological continuum-style manipulator). The robot includes eight flexible segments, although it can be extended to more segments as necessary. In this study the gravity of the springs is neglected due to the fact that the manipulation force is much larger than these gravity forces. This mechanism exhibits a wide range of maneuverability and has a large number of degrees of freedom. Each segment is designed using a novel flexible mechanism based on the loading of a compression spring in both transverse and axial directions, and using cable-conduit systems. The rotational motion is transformed to tendon-like behavior, which enables the location of the actuators away from the trunk (e.g. at the end of the trunk). The forward kinematics of the mechanism is also presented and lends itself well to computer control. It is shown that the solution of the transverse deflection of each segment is obtained in a general form, while the stiffness coefficients are obtained in closed form from a two-dimensional model (small and large deflection angles) and from a three-dimensional model used in a finite element method to verify results. The friction in the analysis between the cable and the conduit is neglected in the analysis. A prototype trunk segment is experimentally tested, the results are verified and the elephant trunk robot is built. A bench-top actuation system has been developed and a control scheme used in prosthetic hand control has been implemented to control the mechanism.
INTRODUCTION
Probably one of the most interesting morphological features of the elephant is its trunk. The trunk is an extremely flexible muscular organ that is maneuvered with the finest touch. The elephant's trunk, which is an elongated nose, plays very important roles in an elephant's life. It is used for breathing, trumpeting, smelling, drinking, eating, grasping, fighting, friendly wrestling matches and communicating [1] . A fact that has only recently been discovered is that the trunk is not only an extremely flexible element ( Fig. 1 ), but that it is also able to maneuver with the finest touch because of approximately 100 000 muscles and tendons [2] . By comparison, the entire human body only has 639 muscles. An elephant calf can lift about 4.5% of its own weight with its trunk. In this paper we propose the synthesis and analysis of a flexible manipulator analogous to the elephant's trunk with clusters of muscles.
Radioactive waste handling and inspection of dangerous environments require dexterous, long-reach robotic manipulators that can maneuver through constrained environments and accurately position payloads. These robotic devices can be used for inspection of nuclear reactors, maneuvering through rubble to look for survivors of an earthquake, pipe inspecting and cleaning, among other uses.
Robinson and Davies [3] have broken down manipulators into three classifications. The first is termed discrete robots. These are the traditional industrial manipulators with 6-d.o.f. or less. With increased redundancy of the robotic manipulators, the manipulators are in the second classification, known as serpentine robots. The third classification is termed continuum robots. In the third classification, robots do not contain joints and rigid links as do the previous two types; instead, they bend continuously along their length similar to biological trunks. However, the last two types, broadly categorized as hyper-redundant, or high-degree-offreedom manipulators, share many similarities and a significant body of work has been done on them. Chirikjian and Burdick [4 -8] proposed the continuous backbone curve model that minimizes a weighted combination of bending, twisting, and local extension/contraction of backbone curve while also satisfying task constraints. Mochiyama et al. [9 -11] studied the shape Jacobian of manipulators with a high degree of freedom, and the shape correspondence between a hyper-redundant robot and a desired spatial curve.
Several designs of elephant trunk or snake-like robots have been proposed. Hirose [12] pioneered the development of snake-like robots, especially with regard to locomotion. Suzumori et al. [13] have done significant work on flexible hydraulic micro-actuators for grippers, which are essentially small, flexible, 3-d.o.f. manipulators. Cieslak and Moreck [14] developed an elephant trunk-type elastic manipulator for bulk and liquid materials transportation (Fig. 2) . Researchers at Clemson University [15 -23] developed two types of manipulators: elephant trunk manipulators ( Fig. 3) and Clemson tentacle manipulators (Fig. 4) . The fundamental construction of elephant trunk manipulators is based on a segmented backbone. The backbone is composed of a serial connection of 16, 2-d.o.f. joints, giving the backbone a total of 32 d.o.f. However, only 8 d.o.f. are actuated. The Clemson tentacle manipulator consists of a highly elastic rod as its backbone, with antagonistic cable pairs periodically able to exert moments on the backbone to deform its shape. Although this is truly a continuous device, as a real tentacle is, it is only actuated with 4 d.o.f. Its underactuated backbone may adopt an infinite number of poses for a given actuator displacement. This paper proposes an inherently compliant lightweight active continuous robot. It includes eight active segments in which each segment is actuated by three cables. Each segment has its independent actuators. Therefore, when we study the forward kinematics, we can simply analyze each segment. The final shape of the continuous robot is based on transforming each segment to the global coordinate system. Section 2 discusses the synthesis and prototype of the proposed robot. Section 3 studies the analysis of each segment under different external loads. Section 4 introduces the actuation system and is followed by the paper's conclusion. 
DESIGN AND PROTOTYPING OF THE CONTINUOUS ROBOT
We are developing a robot system that is analogous to an elephant trunk. Controllable spring elements replace clusters of muscles. The mechanical design is much simpler than current designs for legged or wheeled robots, and this mechanical simplicity permits reliable, robust and low-cost implementations. Consider a relatively stiff spring. Also consider three cables attached to an upper plate from the inside of the spring (as shown in Fig. 5 ). Pulling one of the cables causes the spring to flex in one direction, and causes the upper plate to slightly rotate and translate. Due to the resistance induced by the coil, this action is very similar to the group of muscles in an elephant trunk. Similarly, exerting an equal force on all three cables will cause With three cables, the three-dimensional (3D) control of the motion of the upper plate is established. Now consider each spring with two plates and three cables to be similar to a cluster of muscles of an elephant trunk. We use this cluster in series to generate a chain of spring elements. Each cluster is driven by three actuators, and there are eight such stages; thus, the robot has a total of 48 d.o.f. Motion on the ground can now take place by controlling the various stages and effecting a caterpillar-like motion. Figure 6a depicts an eight-stage flexible robot where the details of cable connections using a flexible cable (similar to that used in bicycle brakes) are shown in Fig. 6b . The result of controlling the 24 cables to perform manipulation of this chain is shown in Fig. 6c . Figure 7 shows a two-segment trunk with one cable and conduit set, and 1 d.o.f. for each segment. In Fig. 7a , a force, F 1 , is applied to the cable 2 by a motor. An equal and opposite force, F 2 , must be applied to the conduit or to the trunk base in which the conduit is fixed. The force, F 1 , is transmitted through the cable to segment 2. At the same time the force, F 2 , is transmitted through the conduit to the opposite end of segment 2 (Fig. 7b) . In this way the equal and opposite force pair applied at one end of the cable and conduit is transmitted to the other end of the cable and conduit, and applied to both ends of segment 2. This allows each segment to be actuated independently without transmitting force to any other segment (it is similar to bike brakes).
The continuous robot comprises a number of springs, compression links, cables and conduits. Each spring acts as a segment. Affecting a tension force on three cables through the conduits will yield a deformation in the spring, both in transverse and in compression. As the spring is flexed within (Figs 8 and 9 ), compression links act as a connecting holder for the cable and as a restrainer for the conduit.
The simple design of the continuous robot yields several advantages. Preliminary test results show the following advantages: (ii) Actuators can be mounted at the base of the elephant trunk. The cable-conduit system allows the remote actuation of the spring element. As a result, the actuators are located elsewhere, typically at the end of the trunk. (iii) Realistic trunk movement. Given the adjustable compliance of the trunk, the continuous robot will perform with great fidelity (Fig. 10 ). (iv) Inherently compliant. As the elephant's trunk is not rigid, but allows for great flexibility when in the relaxed condition and some flexibility in the taut condition: the proposed continuous robot provides adequate compliance. (v) Segment independent action. Since flexing of each spring segment is independently controlled, the user can manipulate each segment.
ANALYSIS OF THE ELEPHANT TRUNK ROBOT
Calculation of the compliance coefficients of the mechanism is necessary to address the kinematics of manipulation. Analysis of the elephant trunk robot includes two parts: analysis of a 2D model and analysis of a 3D model. If only one of the three cables in one segment ( Fig. 11) is actuated, the model will be 2D and will build a closed form to simulate the segment. If two of three cables or all three cables are actuated, there will be a 3D deflection and a 3D model will be used to simulate it.
In the following sections we will present the 2D and 3D models in detail.
2D model (closed form method)
The displacement of the spring element at each connecting end is denoted by δ t and the deflection angle by θ θ (Fig. 12 ). Written in terms of the compression force V and the bending moment M, it can be shown that:
where τ v , τ m , λ v and λ m are the compliance coefficients. In order to consider the spring behaving like an elastic rod, its rigidity in bending, shear and compression must equal these values:
where K b is the bending stiffness, B is the moment, dϕ/du is the bending rotation angle for the element length du, E and G are the material elastic modula, respectively, in the normal and tangential directions, n is the number of active coils, d is the wire diameter, D is the mean spring diameter, L is the length of the loaded spring and ϕ is the bending rotation angle.
where K s is the shear stiffness, S is the shear load and φ is the shearing angle.
where K is the axial stiffness, V is the axial load, δ a is the axial displacement and γ is the shearing deformation angle (Fig. 11) . The expressions of (1) are written in terms of the stiffness coefficients (inverse of compliance) as:
Because the elephant trunk robot is composed of multiple segments, but each segment is independently actuated, it is possible to assume one end as relatively fixed and rigid, and the other as rotating and translating. As a flexible element, it is now possible to analyze each segment independently, where at each section of the spring, we denote the normal force by N , the shear force by S, the bending moment by B and the bending moment at x = 0, y = 0 by M N such that:
and the geometric relationship between the coordinates of the spring is:
dy dp
and θ is defined by the following relationship:
where:
The strain of the spring is obtained by: dp du
Differentiation of (2a) with respect to p yields, combined with (5a) and (5b):
Multiply dϕ du on both sides of (8) and integrate with respect to p:
where C is obtained from the boundary condition dϕ/du = −M/K b at ϕ = θ l and θ l is the angle of rotation of the end surface at the free end of the spring. Define (9) will become:
substituting (10) into (9) yields:
Simplifying (11) to obtain a representation for du yields:
Integrating both sides of (12) yields:
In order to calculate θ l , we can now substitute different values for θ l into (13) until satisfied. From (5a), (7) and (12), we further simplify: dx = − cos(θ ) dp
From (4) and (14), we obtain an expression for x as follows:
Similarly, we obtain an expression for y as follows:
For small deflections (small angles, ϕ 5 • ), (4) will be:
Elasticity of the mechanical springs yields:
As a result, the slope is:
We then form the differential equation governing the motion as:
The solution for the deformed shape of each segment is given by:
The transverse stiffness is thus developed as follows. We begin by setting the boundary conditions at the ends as:
The deflection becomes:
Substituting for M N from (25), we get:
and rearranging terms yields:
We then write the deflection in terms of the compliance coefficients as:
where τ m = λ T is assumed using the Maxwell-Betti theorem (the cross-multiplication of two stages of load and the corresponding displacements of the other load stage leads to an equality). While these compliance coefficients are valid for small angular displacements, larger displacements require the expansion of this analysis to a number of finite elements around the helix forming the mechanical spring.
3D model
In our continuous robot design, there are a total of three cables for one segment. If applying loads to two or three of the cables, the spring will deflect in 3D space and we must develop a 3D model for this case. In this paper we use the finite element method to simulate the deflection of the spring in 3D space. Consider a curved beam element of a uniform cross-section with positive local coordinate directions, nodal forces, moments and other parameters as shown in Fig. 13 . The forces are represented by S 1 , S 2 , S 3 , S 7 , S 8 and S 9 , while S 4 , S 5 , S 6 , S 10 , S 11 and S 12 are moments acting on this element.
Each curved beam element is placed on the helical curve to form a mechanical spring (Fig. 14) . Consider two coordinate systems: a fixed frame [i j k], located An arbitrary point P is located at angle φ measured clockwise. The internal forces and moments at P may be expressed in terms of the forces at the node I as follows:
The strain energy in the beam [24] can be expressed as:
Using Castigliano's theorem, the deformation components can be obtained from (36) as:
from (35)-(37) at node I we have:
where 
where the elements of matrix A are listed in the Appendix. Inversion of (38) yields the stiffness submatrix K I I expressed by:
The relationships between the forces at nodes I and J are obtained from equilibrium conditions using (35) and are expressed as:
where
At node J we have:
Matrix B is similar to matrix A except for the following sign differences:
and inverse (41) we obtain:
and the stiffness submatrices are
Now the stiffness matrix of a curved beam element with 12 d.o.f. is obtained as follows: 
The parametric equation of a helix is:
where a is the radius of the helix, h is pitch per unit angle in radians and φ is the angle measured from the x axis. The known geometrical relationships for a helix are given below for ease of reference: c = (a 2 + h 2 ), sin(α) = h/c and cos(α) = a/c, where α is the pitch angle. The infinitesimal length element of the helix is defined as: The position vector of a point on the helix axis (shown in Fig. 15 ) is:
The relationships between the moving (t, n, b) axes and the fixed (i, j, k) reference frame are known to be:
which in matrix notation can be expressed as:
Note that the properties of the mechanical spring can be obtained from the curvature and torsion of the helix given by:
The global stiffness matrix of element i is:
where W is defined as:
For the complete cylindrical helical spring, it is necessary to assemble the stiffness matrices K i ijk , where i = 1, . . . , m − 1, to obtain a final stiffness matrix K. The relationship between external loads and displacements can be represented as:
where T . This relation can now be used to predict flexion of each independent segment.
IMPLEMENTATION
In this section, we implement the deformation equations. The mechanical properties of the helical spring are shown in Table 1 .
Experimental measurement of loading conditions
A mechanism is set up to test the flexing/load relationship for each mechanical spring (Fig. 16) . The setup includes several parts: a pulley, weight block and a frame fixing the base of the robot springs. The loads are supplied by different weights through wires in every segment. In our experiment we used four different weights: 1, 5, 10 and 15 N. The experimental results are compared with the results of the 2D closed form and the 3D models in Tables 2 and 3 .
For the first version of the elephant trunk robot, we have used 161 nodes and 160 elements in the finite element method model. Figure 17 shows the relationship of the load and the deflection of the spring. F = −10k at the point [1.7 0 6] T , the T . From Fig. 18 we can see that the deflection of the spring central curve is indeed 3D. T . From Table 3 , it can be seen that the finite element method modeling and the experimental results match very well. The method of loading the compression spring used in this design induces a lateral deflection with a relative translation and rotation of the upper compression link. Recall that the lower compression link is considered fixed because the motions of the different segments are independent.
ACTUATION SYSTEM

Power transmission
For the current state of development of the flexible elephant trunk mechanism, a bench-top actuation system serves well for experimentation and further development. It includes the cables that actuate each trunk segment and the conduit that houses and routes the cables. The actuation system also contains 24 stepper motors for which each motor actuates one cable. The rest of the actuation system consists of assorted hardware to connect each pulley to each motor and to connect one cable to each pulley (Fig. 20) ; Fig. 21 shows a fixture to hold six motors and pulleys of the total 24.
Motors and control setup
For the experimentation and development stage a system that is easily reconfigurable and expandable has obvious advantages. The overall control and actuation system consists of stepper motors, stepper motor drives, a power supply, a motion controller PCI card located in a host desktop PC and the interconnect module. Twenty-four NEMA Size-17, bi-polar, hybrid, 1.8
• , DC stepper motors equipped with 3.6 : 1 gear reduction via an offset spur gear provide mechanical power for the elephant trunk mechanism. Twenty-four RMS Technologies R208 microstepping drives power the motors. The drives receive direction and velocity commands from the controller, and then energize the windings of motor accordingly. The electrical power is provided by two variable voltages (0-15 V), 40 A DC power supplies connected in series, providing variable voltage over the input range of the drives (12-24 V). The motion controller is a DMC-1850 24-axis motion controller that resides in the PCI bus of a standard desktop PC. It has its own microprocessor and memory, and performs all of the motion commands internally without using the computer's resources. The interconnect module is basically an extension of the motion controller and provides terminals to handle all of the input/output for the motion controller. This includes committed I/O for each axis along with several digital and analog inputs and outputs, which allows for a great deal of expandability ideal for this stage of development (Fig. 22) .
This system provides excellent performance characteristics suitable for actuating the mechanism. The angular resolution of the motors allows for very precise control of the cable displacement and, therefore, trunk configuration. With the gear reduction, this setup is capable of step sizes as small as 0.5
• without micro stepping; using the finest level of micro stepping, the drives are capable of rotations as small as 0.0625
• . Depending on pulley size, these rotations correspond to cable displacements as small as approximately 0.036 and 0.0045 mm, respectively. The drives use current-limiting technology, which allows the use of voltages greater than the motors rated voltage. Each time a winding in the motor is energizing, the higher voltage decreases the amount of time for the current in the winding to come up to the rated current after a voltage is applied across the winding, increasing the torque of the motor at higher angular velocities. The holding torque produced when the maximum current is supplied to the windings while the motor is stationary would be approximately equal to the maximum running torque, but the friction associated with the gear reduction increases this amount. The amount of torque produced provides tension on the cables that is quite sufficient for posturing the trunk and providing gripping force.
Motion control
The user can send explicit keyboard commands to the controller for execution such as specific relative position moves with a defined acceleration, deceleration and velocity. This is a very basic way of controlling the mechanism and is only useful for developmental purposes. This method does not allow for the possibility of executing a coordinated series of motions. Fortunately, there is a software development kit provided with the controller that allows interaction with an executable written in any one of a number of programming languages.
To demonstrate the capabilities of the mechanism, a control scheme [25] in Fig. 23 is implemented to demonstrate the functionality of the flexible mechanism. The signal space is divided into four regions: 'Hold', 'Open', 'Close' and 'Change Grasp Pattern'. When the Hold command is active, which corresponds to both sets of muscles being at rest, the hand mechanism stays in its current posture. When the extensor muscles are excited, the Close command is activated, which causes the hand to tighten its grasp. Likewise, when the flexor muscles are excited, the Open command is activated, widening the grasp. When both sets of muscles are excited, the Change Grasp Pattern command is activated; it can be used to toggle between different grasping postures.
To incorporate this control scheme to operate the hand, software was developed to use a joystick to simulate the signals. The joystick, which contains two linear potentiometers that are each manipulated by 1 d.o.f. of the joystick, is connected to the interconnect module. The voltage across the two potentiometers is monitored; 1 d.o.f. simulates the extensor signal, while the other simulates the flexor signal. Proportional control has been developed by bringing into correspondence the distance traveled into either the Open or Close regions with how far the mechanism opens or closes. Joint limits are also incorporated.
CONCLUSIONS
The design and analysis of a novel elephant trunk robot has been introduced, a computer-controlled bench-top actuation system has been developed and a simple control scheme was implemented. It was shown that flexion of a compression spring is implemented as a joint in each segment. Each segment is actuated by three cables and different segments are actuated independently. It was shown that loading of a compression spring in both transverse and axial directions and using cable-conduit systems allows for controllable manipulation of the elephant trunk robot. It was also shown that the rotational motion is transformed to tendon-like behavior, which enables the location of the actuators away from the trunk (e.g., at the end of the trunk). The forward kinematics of the mechanism is coupled with the element's dynamic characteristics and is also presented. It was shown that for 2D analysis, the solution of the transverse deflection of each segment is obtained in a general form, one that can be simplified if the deflection angle is small, whereas the stiffness coefficients are obtained in closed form. This closed form analytical solution is best used for computer control of the manipulator prosthesis. In the 3D model, the finite element method has been developed and implemented into code. The performance of each segment was tested experimentally and compared with the numerical results.
